The use of Raman gain in conventional fiber followed by dispersion compensation in a holey fiber in a synchronously pumped laser configuration allowed compression by a factor of 8.5 of output pulses at a selected wavelength with respect to the pump pulses. We obtained 2-ps output pulses at 1.14 mm from a totally fiber-integrated laser pumped with 17-ps pulses at 1 mm. Higher pulse compression should be possible with nonlinear chirp compensation. Ultrashort-pulse, all-fiber Raman lasers at wavelengths shorter than 1.3 mm are feasible.
Throughout the years there has been continuous effort to develop short-pulse fiber-optical sources for a number of applications ranging from optical telecommunications to ultrafast spectroscopy. A widely used method for generating short pulses in fiber lasers is exploiting the spectral broadening induced by self-phase modulation (SPM) in association with anomalous dispersion of the fibers, when soliton shaping may occur. In the situation in which some of the fiber in the cavity is normally dispersive, it is still possible through dispersion management to achieve an overall net anomalous dispersion and maintain operation in the average 1 or guiding center soliton regime. 2 Furthermore, nonsoliton shaping can occur in a stretched-pulse regime. 3 For ultrashort-pulse generation it is also important to choose a broadband gain mechanism. Gain bandwidth greater than 5 THz provided by stimulated Raman scattering (SRS) in silica-based f ibers can support the generation of femtosecond pulses 4 -6 with the benefit that the Raman gain can be obtained in standard fibers and at any wavelength via synchronous pumping, provided a suitable pulse pump source is available.
For wavelengths below 1.3 mm, in the region of normal dispersion of conventional fibers, SRS-supported generation of subpicosecond pulses is possible with hybrid, f iber-bulk-element cavities incorporating dispersive components such as gratings or prisms, and fiber Raman lasers (FRLs) operating at the 1.1-mm wavelength 7, 8 and the 0.53-mm wavelength 9 were reported. The advent of holey fibers (HFs), whose dispersion properties can be specif ically controlled by design, led to the demonstration of a range of hybrid 10 as well as completely fiber 11 subpicosecond sources in which the anomalous dispersion of HFs was employed for dispersion compensation. To date, the attention has been focused on exploiting the wide gain of Yb-doped fiber near 1 mm, and no results at alternative wavelengths have been reported.
In this Letter we show that synchronous pumping and the use of the broad Raman gain of standard silica fiber, combined with dispersion compensation in HFs, should allow short-pulse generation at nearly any desired wavelength downshifted from the pump. We used an all-fiber integrated FRL in the loop configuration, with conventional f iber as the gain medium and anomalously dispersive HF, synchronously pumped with 17-ps pulses from an Yb fiber source; 2-ps pulses at ϳ1.14 mm were obtained. We found that, despite dispersion compensation in the HF, the output pulses still had residual chirp, and therefore shorter pulse durations should be possible to obtain via additional control of the higher-order dispersion of the f ibers or by restriction of the spectral width of the available Raman gain.
The experimental conf iguration is shown in Fig. 1 . The pump source consisted of a mode-locked Yb-doped fiber laser that seeded an Yb-doped f iber amplif ier with as much as 1 W of average output power. A fiber pigtailed isolator was placed at the Yb amplif ier output and was followed by a tap coupler that allowed for detection of a small portion of the pump in an optical spectrum analyzer or a second-harmonic generation autocorrelator for reference purposes. The typical pump spectrum and autocorrelation can be seen in Figs. 2(a) and 2(b), respectively, for an average (peak) pump power of 220 mW (940 W) coupled into the FRL. The pump pulses were spectrally centered at 1.08 mm and had durations of 17 ps (sech 2 prof ile assumed).
Wavelength division multiplexing (WDM) coupler 1 ( Fig. 1 ) was used to couple the pump into the FRL and to multiplex it with its f irst Raman order. The FRL gain fiber consisted of 15 m of conventional silica f iber with a 3% Ge doping and had a dispersion of 235 and 226 ps nm 21 km 21 at 1.06 and 1.12 mm, respectively. The last 5 m of the gain fiber were attached to a f iber stretcher used for f ine synchronization of the FRL cavity round trip and the seed laser pulse repetition rate. An optical attenuator before the HF was employed to minimize SPM and SRS nonlinear effects in the HF. WDM coupler 2, placed before the HF, extracted the pump and recirculated the f irst Raman order in the cavity. The 23-m-long HF had a core diameter of 2.6 mm and an estimated dispersion of 128 ps nm 21 km 21 at 1.1 mm and was directly spliced to the standard f iber in the cavity with losses of ϳ1 dB. A spectrally f lat optical coupler was used to extract 10% of the light in the cavity at the HF output. A notch f ilter was used to restrict the SRS gain and lasing bandwidth and consisted of a fast spectral modulation coupler with a transmission peak at 1136 nm of 13.7-nm width.
We adjusted the length of the standard fiber in the cavity with the following method to set the cavity average dispersion to a slightly anomalous value. First, to deduce the average dispersion sign, we observed the direction of the shift of the FRL wavelength while adjusting the f iber stretcher to elongate the cavity. Then, the length of the conventional fiber was set to provide the zero average dispersion. Finally, the length of conventional fiber was slightly cut, resulting in the average anomalous dispersion of 2.45 6 0.63 ps nm 21 km 21 and a total cavity length of ϳ43 m. The pulse repetition rate of the pump source was set to 13.72 MHz, which corresponded to the third harmonic of the FRL cavity round trip. The fiber length at the output of the FRL was kept to a minimum and was ϳ1.5 m.
The output spectrum and autocorrelation of the optimized FRL can be seen as solid curves in Fig. 3 for the pumping conditions shown in Fig. 2 . The 11.2-nm-wide ͑23 -dB͒ Raman lasing peak carries 36% of the power and is centered at 1138 nm, whereas the other peaks in the f igure correspond to the residual pump spectrally reshaped by WDM coupler 2. Measurement of the pulses after the gain f iber at the HF input in a single-pass conf iguration showed that the peak at 1100 nm in Fig. 3(a) corresponded to 22-ps pulses with a 44-W peak power. Because the HF modal area is ϳ7 times smaller than that of the gain fiber, the Raman gain of such pulses in the HF cannot be neglected, although the Raman gain of the conventional fiber is still dominant. The HF Raman gain played an important role when the feedback loop was closed, because this compensated for the HF loss of 5 dB at 1.14 mm, which included the HF attenuation and splice losses. We verified this by moving the notch filter before the HF, which led to a reduction in the pump power in the HF and a consequent cessation of lasing. Figure 3 (b) shows the autocorrelation trace of the output 2-ps Raman pulses, corresponding to compression by a factor 8.5 in comparison with the pump pulse duration. We attribute the residual sidelobes [ Fig. 3(b) ] to birefringence of the HF as their amplitude varied with the adjustment of the polarization controllers. The lasing average output power at 1138 nm was 0.17 mW, which corresponds to 6 W of peak power. After spectral suppression of the residual pump by more than 10 dB, we found by use of a rf analyzer that the 2-ps pulse train was regular, and clear lower harmonics of the pump repetition frequency were present.
Taking into account the average dispersion of the cavity, we estimated that the average soliton regime 1 could occur only for pulses of a spectral bandwidth below 1.6 nm. The observed 11.2-nm spectral bandwidth and absence of spectral sidelobes, characteristic of nonadiabatically amplif ied or attenuated solitons, indicated that the FRL operated in the stretched-pulse regime. 3 The 5.76 time -bandwidth product of the FRL pulses is considerably higher than the 0.32 product of transform-limited sech 2 pulses and indicates that the output pulses were chirped despite the fact that the f iber lengths were adjusted to yield the shortest pulse duration possible.
The inability to further compress the pulses could be a consequence of nonlinear chirp arising from higher-order cavity dispersion or cross-phase modulation (XPM) between the pulses at Raman and pump wavelengths. Higher-order dispersion can be an issue because the gain fiber and HF have similar dispersion slopes at the lasing wavelength; however, because of the limited accuracy of the linear dispersion measurement, the contribution of higher-order dispersion to the pulse chirp could not be quantified. The XPM-induced nonlinear chirp can take place because of the gradual depletion of the pump pulse power as it walks through the signal pulse while propagating in the cavity. In the FRL gain fiber the walk-off length of the pump and laser pulses can be estimated as ϳ10 m, which is comparable with the total, 15-m length of the gain fiber. This indicates that XPM in this f iber may not induce a high-level nonlinear chirp. The XPM-induced chirp can be more considerable in the HF because both its dispersion and length are higher than those of the gain f iber, and some Raman gain is present.
Restricting the gain bandwidth of the FRL caused some pulse shortening without further dispersion adjustment. The FRL without the 13.7-nm bandwidth filter had 3-nm-wider linewidths and ϳ0.5-ps-longer pulse durations. We believe that the use of a narrower bandwidth filter would result in further shortening of the FRL pulses.
To quantify the effect of dispersion compensation in the cavity, we removed the HF from the FRL. Under pumping conditions similar to those above, the output spectrum and autocorrelation can be seen as dashed curves in Figs. 3(a) and 3(b) , respectively. The sech 2 prof ile 11-ps output pulses were 5.5 times longer than pulses in the FRL with HF. The signal peaked at 1131 nm (7.1-nm linewidth) and, as a result of the lower cavity loss, contained ϳ75% of the output power. The average and peak powers of the laser were 1.9 mW and 10.3 W, respectively. The redshift of the wavelength of the FRL with the HF was caused by the HF Raman gain provided by the 1100-nm pump pulses.
In conclusion, the use of the Raman gain of a standard fiber followed by dispersion compensation in a holey f iber in a synchronously pumped laser conf iguration shows that significant compression of output pulses with respect to the pump pulses is possible. Pulse durations of 2 ps were obtained, which represents a compression by factors of 8.5 and 5.5 compared with the pump pulses and pulses from the laser without the HF, respectively. The laser time-bandwidth product reveals that higher pulse compression is possible. Since HFs with anomalous dispersion in a wide spectral range can be designed, the presented approach will allow for all-fiber ultrashort-pulse generation at other, previously inaccessible wavelengths, particularly in the visible range.
